Abstract-In this paper, natural frequencies of the sandwich plates with embedded shape memory alloy (SMA) wires in their face sheets is obtained. Three-Dimensional (3D) finite element method (FEM) is used for constructing and analyzing of the sandwich plates with flexible core and two stiff face sheets. Natural frequencies of the sandwich plates are presented and the effects of plate dimensions and boundary conditions of the sandwich plate are studied. According to the obtained results, the natural frequencies of the sandwich plate were improved by employing the SMA wires in the face sheets.
I. INTRODUCTION
IGH strength-to-weight ratio and good energy absorbing of composite sandwich plates have been caused that they are widely used in various engineering applications such as building structures and aerospace. Sandwich plates are generally consisted of two thin high strength face sheets and a soft thick low strength core which are adhesively bonded together. In most cases, the core consisted of a foam polymer or honeycomb material, while composite laminates are commonly used as the face sheets.
To use these structures efficiently, an excellent understanding of their dynamical behavior is needed. To date, there are many papers have been published by researchers about vibrational analysis and dynamical behavior of sandwich plates. The first-order shear deformation theory was developed by Wang [1] for vibration analysis of sandwich plates, but the accuracy of solutions of this theory is strongly dependent on the shear correction factors. Kant and Swaminathan [2] and Matsunaga [3] presented the analytical solution for natural vibration analysis of sandwich plates using a high-order ESL theory. Als, based on Reddy's higher-order theory, a finite element model was proposed by Nayak [4] .
To model the thick sandwich plates in a better manner and to evaluate their local behaviors, some developed higher order mixed layerwise plate theories were used for vibration analysis by Carrera [5] and Rao and Desai [6] . In these models, the number of unknowns depends on the number of the layers in composite and it becomes large as the number of the layers increases. In order to overcome the high computational times in the layer-wise theories, zigzag theories with linear or highorder local functions were proposed. Di Suiva [7] proposed a refined zigzag plate theory in which the unknowns for the inplane displacements at each layer were assumed in terms of those at the reference plane and the transverse displacement was assumed constant along the plate thickness. A third-order zigzag plate theory was proposed by Kapuria and Achary [8] for sandwich plates. Ganapathi et al. [9] analyzed the nonlinear dynamic behavior of the sandwich plates using a third-order zigzag theory. Also, free vibration analysis of sandwich panels with a flexible core based on the high-order sandwich panel theory (HSAPT) were presented by Frostig and Thomsen [10] . Based on third-order global-local plate theory (GLPT), Zhen and Wanji [11] and Shariyat [12] studied free vibration analysis of sandwich plates.
To date, regardless of the above theories which were presented to analyze the mechanical behavior of the sandwich and composite structures, many researchers studied the static and dynamic responses of the SMA fiber-reinforced composite plates. SMAs are used as smart actuators in many applications such as aerospace, robotic and medical. Embedding SMA wires in the face sheets of the sandwich structures bring so many advantages. In sandwich structures, the SMA wires or plates are used in the face sheets for the shape control of the structure or vibration damping. Also, SMA wires have the ability to generate recovery tensile stress which reduces the inplane stress and strain components. They can also be actuated by electrical signal or heat flow which causes to control the shape of the structure and this is because of their ability to remember their predefined shape [13] .
Yao Kuo et al. [13] inspected the effect of embedding SMA wires on the buckling behavior of laminated composite plates using finite element method. Ostachowicz [14] illustrated the influence of the SMA wires on the natural frequencies and thermal buckling of a multilayer composite plate using finite element method. The stress-strain relationships also were presented for a single composite lamina with embedded shape memory materials. Yan Tsai [15] balance method. Żak et al. [16] studied the dynamic performance of a multi-layered composite plate reinforced by SMA wires using finite element method. Khalili et al. [17] inspected the dynamic response of a rectangular smart hybrid composite plate under low velocity impact. Recently, Kheirikhah et al. [18] studied bending behavior of the sandwich plates with embedded SMA wires in their face sheets using 3D FEM. Based on the above discussions, it seems that there are no results published about natural vibration analysis of the SMA embedded sandwich structures. In this paper, natural vibration behavior of the sandwich plates with embedded SMA wires in the face sheets is studied. 3D finite element method is used to model and analyze the natural vibration behavior of the softcore sandwich plates. The effects of boundary conditions and geometrical parameters on natural frequencies of the plate are inspected.
II. FINITE ELEMENT MODELING
A rectangular sandwich plate with the plane dimensions of a×b and total thickness of h is considered as shown in Fig. 1 . The sandwich plates are composed of three layers: the upper and lower face sheets and the core layer. As shown in this figure, five SMA wires are embedded through the upper and lower face sheets. In the present study, SMA wires are embedded into the mid-plane of each face sheet with the same distance from together. Fig. 1 Geometry of the SMA embedded sandwich plate Each face sheet has the thickness of h f while the thickness of the core is h c . Three different materials are used in the modeling of the sandwich plate: soft orthotropic foam material as the core, stiff orthotropic composite material as the face sheets and the Ni-Ti based SMA material as wires. The properties of the used materials in this paper are shown in Table 1 . FE model of the sandwich plate is constructed in the ANSYS 15.0 standard code area. For FE modeling, first, a temporary area of the sandwich plate cross section is constructed and meshed with 2D elements. Then, three zones of the temporary area are extruded with brick elements Solid185 along the embedding wires direction using three different materials. The complete finite element model of the square sandwich plate with embedded SMA wires is shown in Fig. 2 .
Fig. 2 complete FE model of the sandwich plate
To obtain the natural frequencies of the sandwich plate, the Modal analysis in the ANSYS standard code is performed for sandwich plates with different geometrical parameters and boundary conditions.
III. RESULTS AND DISCUSSION
In this section of the natural frequencies of the SMA embedded sandwich plates for different geometrical parameters and boundary conditions are studied. Three geometrical parameters are investigated in this paper which are the aspect ratio (b/a), the thickness ratio (h/a) and the face sheet thickness ratio (h t /h). Fig. 3 shows the variation of the first natural frequencies of the sandwich plate with and without SMA wires versus its thickness ratio. The analysis is performed for different thickness ratios (h/a = 0.05, 0.10, 0.15, 0.2 and 0.25). The sandwich plate is assumed to be square (b/a = 1) and its face sheet thickness ratio is considered h t /h = 0.1. Also, all edges of the plate is considered to be clamped (CCCC). It can be seen that using SMA wires in the face sheets cause to increase the natural frequency of the plates. Also, the natural frequencies increase with increase in thickness ratio (h /a), because the flexural rigidity of the plate increase with increase in thickness ratio. Fig. 4 shows the variation of the natural frequencies of the first four mode shape of the sandwich plate with embedded SMA wires versus plate's aspect ratio. The analysis is performed for different aspect ratios (b/a = 0. 5, 1, 2, 3 and 5) . The thickness ratio and face sheet thickness ratio are considered to be constant (h/a = 0.05, h t /h = 0.1). All edges of the plate is considered to be clamped (CCCC). Obtained results show that the natural frequencies decrease with increase in aspect ratio. Fig. 5 shows the first four vibrational mode shapes of the square (b/a = 1) sandwich plates. The thickness ratio of the sandwich plate is considered to be constant h/a = 0.1. Also, all edges of the plate is considered to be clamped (CCCC). As shown, the natural frequencies increase with increase in face sheet thickness ratio (h t /h), because, in constant thickness ratio (a/h), the stiffness of the face sheets is much greater than the stiffness of the core. Another important factor which affects on the natural vibration behavior of the sandwich plate is the boundary conditions applied to the edges of the sandwich plate. In the present finite element modeling, three types of boundary conditions, all edges clamped (CCCC), all edges free (FFFF) and two edges clamed (CFCF) are investigated. The variation of the first natural frequencies of the sandwich plate with embedded SMA wires versus its thickness ratio is shown in Fig. 7. The analysis is performed for different thickness ratios  (h/a = 0.05, 0.10, 0.15, 0.2 and 0.25) and three types of boundary conditions (CCCC, CFCF, FFFF). The sandwich plate is assumed to be square (b/a = 1) and its face sheet thickness ratio is considered h t /h = 0.1. It can be seen that the sandwich plates with CCCC and FFFF boundary conditions have the largest and smallest natural frequencies for all thickness ratios, respectively.
IV. CONCLUSION
In this paper, a three-Dimensional finite element method was employed for natural vibration analyzing of the sandwich plates with flexible core and embedded shape memory alloy wires in their face sheets.
It can be concluded from the results that using SMA wires in the face sheets cause to increase the natural frequency of the plates. Results showed that the natural frequencies increase with increase in thickness ratio or face sheet thickness ratio. But, increase in aspect ratio cause to decrease the natural frequencies. Also, obtained results indicated that boundary conditions affect on natural frequencies of sandwich plates, significantly and plates with CCCC boundary conditions have the largest natural frequencies.
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